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HIGHLIGHTS

Wastewater SARS-CoV-2 loads strongly
correlated with confirmed cases in 8
sewersheds.

Quadratic model is effective in calculat-
ing COVID-19 prevalence from waste-
water data.

Normalization of SARS-CoV-2 signal by
fecal indicator didn't improve the corre-
lation.

Emerging variants of concern were
identified in wastewater from various
communities.
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ABSTRACT

The global pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in
more than 129 million confirm cases. Many health authorities around the world have implemented
wastewater-based epidemiology as a rapid and complementary tool for the COVID-19 surveillance system and
more recently for variants of concern emergence tracking. In this study, three SARS-CoV-2 target genes (N1
and N2 gene regions, and E gene) were quantified from wastewater influent samples (n = 250) obtained from
the capital city and 7 other cities in various size in central Ohio from July 2020 to January 2021. To determine
human-specific fecal strength in wastewater samples more accurately, two human fecal viruses (PMMoV and
crAssphage) were quantified to normalize the SARS-CoV-2 gene concentrations in wastewater. To estimate the
trend of new case numbers from SARS-CoV-2 gene levels, different statistical models were built and evaluated.
From the longitudinal data, SARS-CoV-2 gene concentrations in wastewater strongly correlated with daily new
confirmed COVID-19 cases (average Spearman's r = 0.70, p < 0.05), with the N2 gene region being the best pre-
dictor of the trend of confirmed cases. Moreover, average daily case numbers can help reduce the noise and var-
iation from the clinical data. Among the models tested, the quadratic polynomial model performed best in
correlating and predicting COVID-19 cases from the wastewater surveillance data, which can be used to track
the effectiveness of vaccination in the later stage of the pandemic. Interestingly, neither of the normalization
methods using PMMoV or crAssphage significantly enhanced the correlation with new case numbers, nor im-
proved the estimation models. Viral sequencing showed that shifts in strain-defining variants of SARS-CoV-2
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in wastewater samples matched those in clinical isolates from the same time periods. The findings from this
study support that wastewater surveillance is effective in COVID-19 trend tracking and provide sentinel warning
of variant emergence and transmission within various types of communities.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Community and intrafamily transmission is one of the most com-
mon modes of human-to-human transmission of SARS-CoV-2, which
can occur before the confirmation of a clinical diagnosis (Hu et al.,
2021; World Health Organization (WHO), 2021; Liu et al., 2020; He
et al., 2020). For more effective control and timely monitoring of the
outbreaks, wastewater-based SARS-CoV-2 surveillance has been imple-
mented as a complementary tool for the COVID-19 surveillance system
(Hart and Halden, 2020; Odh, 2021). Wastewater-based epidemiology
(WBE) has been employed to monitor a variety of pathogenic viruses
around the world such as Polio, Dengue, Norovirus, and SARs-CoV
(Sims and Kasprzyk-Hordern, 2020). WBE targets the DNA/RNA residue
from viruses, which serve as a population biomarker of the pathogen.
Not like other respiratory viruses, SARS-CoV-2 is found in the gastroin-
testinal tracts and stools of the majority of infected people (Cheung
et al,, 2020; Wang et al., 2020). The discharged virus has been detected
in wastewater streams at the early stages of the pandemic and even be-
fore the first recorded case in the population surveyed (Medema et al.,
2020; Nemudryi et al., 2020; Randazzo et al., 2020; Wurtzer et al.,
2020). With the analysis of viral signals in population-pooled wastewa-
ter samples, WBE can provide early warnings of COVID-19 emergence at
a community level (Ahmed et al., 2020a; Lodder and Husman, 2020; G.L.
Rosa M. laconelli P. Mancini G.B. Ferraro L. Bonadonna L. Lucentini E
Suffredini, n.d.; F. Wu ]. Zhang A. Xiao X. Gu W.L. Lee F. Armas K.
Kauffman W. Hanage M. Matus N. Ghaeli N. Endo C. Duvallet M. Poyet
K. Moniz A.D. Washburne T.B. Erickson P.R. Chai ]. Thompson E.J. Alm,
2020).

The WBE surveillance of COVID-19 is advantageous in many other
ways. Firstly, with approximately 105,600 wastewater treatment plants
operating globally, 27% of the global population can benefit from health
information provided by WBE (Hart and Halden, 2020). Wastewater
can capture signals from symptomatic as well as pre-symptomatic/
asymptomatic carriers, which tend to be under-detected by clinical
tests. Secondly, wastewater provides a longer detection window for
the SARS-CoV-2 carriers since RNA signals in fecal samples showed lon-
ger persistency than in oropharyngeal swabs (Wang et al., 2020).
Thirdly, it is hard to gain a “real-time” picture of the pandemic from clin-
ical screening due to backlogs of test results up to 10 days (Kevin, 2020;
Richterich, 2020). WBE is capable of generating results in a real-time
manner with a relatively low cost compared to individual clinical test-
ing, enabling the decision-makers to identify outbreak hotspots and
take timely actions (Ahmed et al., 2021). Moreover, WBE can aid in
monitoring the epidemic progression by giving reliable information on
the effectiveness of intervention strategies. As several SARS-CoV-2 var-
iants have emerged, some studies successfully employed WBE to inves-
tigate the circulating viral variants in the wastewater through high-
throughput sequencing (Fontenele et al., 2021; Jahn et al., 2021;
Martin et al., 2020). Therefore, WBE has been adopted as a COVID-19
trend tracker and more recently for detecting variants by public health
authorities in the United States.

At present, most wastewater-associated studies have focused on
municipal wastewater and covered a relatively short period of time at
the early stages of the pandemic. In an effort to help with the long-
term monitoring of the spread of COVID-19 across the state of Ohio,
the Ohio Department of Health (ODH), the Ohio Environmental Protec-
tion Agency (Ohio EPA), and Ohio Water Resources Center (Ohio WRC)
at The Ohio State University established the Ohio Coronavirus Waste-
water Monitoring Network (Odh, 2021) using participating laboratories

in Ohio. The present study contributes to the network by generating
critical wastewater-based information for the populations in nine sew-
age catchments in central Ohio, including the largest city, Columbus,
and other urban and rural areas. A quantitative method was developed
and validated for the measurement of SARS-CoV-2 gene targets in
wastewater samples. To further evaluate the feasibility of using WBE
as a predicting/modeling tool for the COVID-19 outbreak dynamics, cor-
relations between the concentrations of SARS-CoV-2 genes in wastewa-
ter and the clinical COVID-19 case numbers in their corresponding
sewershed areas were investigated. In order to compensate for the fluc-
tuation in fecal material caused by dilution, we investigated normaliza-
tion methods with two of the most prevalent human fecal viral
indicators, pepper mild mottle virus (PMMoV) and cross-assembly
phage (crAssphage) (Jahn et al.,, 2021; Daughton, 2012; Greaves et al.,
2020; Hamza et al., 2011; Malla et al., 2019; Symonds et al., 2018).
Moreover, this study explored whether the wastewater matrix can
serve as a sentinel piece for detecting SARS-CoV-2 variants of concern
within a community.

2. Materials and methods
2.1. Sampling sites and wastewater collection

Nine wastewater treatment plants (WWTPs) in central Ohio were
involved in this study. Two of the WWTPs (Jackson Pike and Southerly)
serve different catchments in Columbus, which is the largest city in Ohio
with a population of around 900,000 (U.S. Department of Commerce,
2019). The sewersheds of the other wastewater facilities cover 7 smaller
Ohio cities (Athens, Circleville, Lancaster, Marietta, Marysville, Newark,
and Zanesville) in urban and rural areas with population ranges from
14,000 to 49,000 (U.S. Department of Commerce, 2019). Confirmed
COVID-19 case numbers and the boundaries of all 9 sewershed catch-
ments vary (Fig. 1), and details on the serving population and operating
characteristics of the WWTPs are summarized (Table 1). Approximately
one liter of 24-h composite samples were collected from the WWTPs
twice a week, representing the untreated wastewater influent of Sun-
day and Tuesday. The sampling period started in late July 2020, with
varied starting dates among sites, and ended at the first week of January
2021. Wastewater samples obtained from Jackson Pike, Southerly, and
Newark WWTPs were delivered to the lab and processed on the sam-
pling day. Samples from the other utilities were shipped on ice over-
night and processed on the following day. Samples were immediately
stored at 4 °C until further processing. Samples that were delayed in
their shipment and subjected to temperature abuse (>10 °C) were not
processed.

2.2. Wastewater processing: virus filtration and concentration

To concentrate virus from wastewater samples, two approaches
were used after optimization. Initially, an adsorption-precipitation-
based method was adopted. Virus was first adsorbed and eluted from
a positively charged filter unit (ViroCap, Scientific Methods, Inc.,
Granger, IN, USA), followed by concentrating via organic flocculation
and centrifugal ultrafiltration (Supplementary Method S1) (Bennett
et al,, 2010). For faster turnaround, from the second month of the
study, we employed a protocol consisting of solid removal and viral con-
centration. Each wastewater sample was processed in duplicate. First,
100 mL of raw wastewater with 0.05% Tween-20 were centrifuged at
4 °C, 2,500 x g for 10 min for large solid removal. Small debris and
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Fig. 1. Geographic boundaries and locations of nine sewersheds and cumulative confirmed COVID-19 case numbers.

bacteria were further removed by filtering the supernatant using a
0.45 pM sterile filter unit (Milipore, Burlington, MA, USA). Then, the fil-
trate was concentrated using a 0.05 um Hollow Fiber Polysulfone Con-
centrating Pipette Select tips (Innovaprep, Drexel, MO, USA).
Approximately 200 pL of viral concentrate was then eluted following
the manufacturer's instruction with some modifications (Innovaprep,
2020): valve open for 600 ms, 1 pulse, foam factor of 10, valve start
time of 3.0 s, flow end of 10 s, flow minimum start time of 40 s, delay
of 3.0 s, pump at 25%, pump delay time of 1 s, and stored at —80 °C
for downstream analysis. Recovery efficiency of the method was evalu-
ated by spiking with three different surrogates: male specific coliphage
MS2 (ATCC cat. No. 15597-B1), bovine coronavirus (BCoV strain ML-6
mebus), and human coronavirus 0C43 (ATCC cat. No. VR-1558) (Bae
and Schwab, 2008; Cimolai, 2020).

2.3. RNA/DNA extraction and RT-ddPCR analysis

Nucleic acid was extracted from the viral concentrate using an
RNeasy PowerMicrobiome Kit (QIAGEN, Germantown, MD, USA). Re-
verse transcription was conducted with the High-Capacity cDNA Re-
verse Transcription Kit (Applied Biosystems, Pittsburgh, PA, USA). 3 pL
cDNA was applied to the quantification of SARS-CoV-2 genome equiva-
lents using a droplet digital PCR (ddPCR) platform (Bio-rad QX200 sys-
tem). Three ddPCR assays were developed to target two nucleocapsid

(N) gene regions and the envelope (E) gene of SARS-CoV-2. The N
gene region assays employed two primers/probe sets from U.S. Centers
for Disease Control and Prevention (CDC), amplifying the N1 and N2 re-
gions (Hirotsu et al., 2020; Jung et al., 2020). The E gene assay is based
on the E_Sarbeco primers/probe set recommended by WHO (Corman
et al.,, 2020). Quantifications for three SARS-CoV-2 surrogates (MS2,
BCoV, and 0C43) and two human fecal indicators (PMMoV and
crAssphage) were also conducted with diluted cDNA (Dare et al,,
2007; Decaro et al., 2008; Haramoto et al., 2013; Ogorzaly and
Gantzer, 2006; Stachler et al,, 2017). The reaction mixture (20 pL) con-
tains ddPCR supermix for probes (Bio-Rad, Hercules, CA, USA), DNase- &
RNase-free water, 900 nM of forward and reverse primers, 250 nM of
probe, and templates. Firefly (Coleoptera) Luciferase control RNA
(Promega, Madison, WI, USA) was implemented as an internal amplifi-
cation control for the detection of PCR inhibition (Johnson et al., 2005).
ddPCR mixture with or without wastewater cDNA template were
spiked with an equal titer of Luciferase cDNA. PCR inhibition was
assessed by comparing the difference in Luciferase gene amplification.
Primer/probe sequences and ddPCR parameters used in this study are
summarized (Table S1). Briefly, after droplet generation using the
QX200 Droplet Generator, target genes were amplified with a Bio-Rad
C1000 Touch Thermal Cycler. The cycling conditions included an initial
denaturing step at 94 °C for 10 min, followed by 40-45 cycles of 94 °C
for 30 s and annealing for 60 s. A final incubation step was performed

Table 1
Summary of WWTP operating characteristics and each sewershed population with confirmed case numbers during the study period.
WWTP City County Sewer Average Population Cumulative Cumulative
name type flowrate served confirmed incidence (cases /
(MGD) cases® 100,000 residents)
Jackson Pike Columbus Franklin Combined 82 645,940 41,557 6434
Southerly Columbus Franklin Combined 1304 654,817 46,248 7063
Athens Athens Athens Separate 2.6 24,536 1523 6207
Circleville Circleville Pickaway Separate 2.01 13,965 692 4955
Lancaster Lancaster Fairfield Combined 7.67 24,303 2616 10,764
Marysville Marysville Union Separate 437 24,677 2166 8777
Marietta Marietta Washington Separate 2.84 15,284 842 5509
Newark Newark Licking Combined 9 45,000 2889 6420
Zanesville Zanesville Muskingum Combined 58 47,500 2653 5585

2 Cumulative confirmed cases from the beginning of the pandemic to 01/02/2021.
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at 98 °C for 10 min and then a final hold of 4 °C. After amplification, gene
concentrations were quantified using a QX200 droplet reader and
QuantaSoft (V 1.7; Bio-Rad). Two technical replicates were performed
for each ddPCR assay.

2.4. Quantification and statistical analysis

COVID-19 case numbers were retrieved from ODH COVID-19 Dash-
board (Odh, 2021), reflecting the absolute confirmed case counts of
the sewersheds targeted by the estimated symptom onset date. The
boundaries of the sewersheds were mapped with Tableau (V 2020.1)
(Fig. 1). 3-day, 5-day, and 7-day moving averages were calculated
from the case numbers using “zoo” package in RStudio (V 1.3.1093).
All other plots were generated with “ggplot” package in Rstudio. Target
gene copy numbers were calculated as the mean of four replicates (two
biological and two technical replicates). The limit of quantification
(LOQ) of ddPCR assay is two gene copies/reaction. For detectable-but-
not-quantifiable measurements, the results are recorded as one-half of
the LOQ. All statistical analyses were performed in RStudio using
“ggpubr”, “stats”, and “rstatix” packages. A p-value < 0.05 is considered
statistically significant. The strength of a linear association was first
assessed through a Pearson correlation coefficient. All essential assump-
tions were examined (normality and linearity). SARS-CoV-2 RNA con-
centrations and case counts were fitted into a linear model.
Spearman's non-parametric correlation coefficients were also com-
puted since they were less dependent on the underlying distributions
being normal. Additionally, polynomial regressions models were fit. Sig-
nificance of regression models was assessed via the F-test.

2.5. SARS-CoV-2 genome sequencing and variant analysis

A subset of samples of early January 2021 was selected for next-
generation sequencing (NGS) by hybridization and/or amplicon
methods. For probe-bait NGS, extracted RNA underwent 1st and 2nd
strand cDNA synthesis (NEBNext® Ultra# Il Non-Directional RNA Sec-
ond Strand Synthesis Module, NEB, Ipswich, MA). Library construction
was performed with KAPA Hyper Prep with KAPA HiFi HotStart Library
Amplification Kit (Roche Diagnostics, Indianapolis, IN), with subsequent
hybridization with SARS-CoV-2 bait probes (IDT, Coralville, CA) and
were then sequenced on NextSeq (Illumina, San Diego, CA). Amplicon
sequencing was performed using the CovidSeq kit and sequenced on
NextSeq. Analysis tools include custom pipelines utilizing GATK and
Mutect2 (Broad Institute) and Dragen SARS-COVID variant detection
(Ilumina). Viral sequences were strain-typed using Pangolin
(Rambaut et al., 2020) and NextStrain criteria (T. Bedford E. Hodcroft
R. Neher, n.d.).

For comparison with wastewater findings, sequencing of nasal or
nasopharyngeal swab extracted RNA from SARS-CoV-2 positive PCR
samples from The Ohio State University Wexner Medical Center was
performed. The laboratory received samples from sites across central
Ohio, including all sites in this survey except Athens and Marietta.
NGS was performed with CovidSeq as above or using the AmpliSeq
SARS-CoV-2 Research Panel on lon Chef-S5 instruments (Thermofisher,
Waltham, MA). The lower limit of detection of a variant for the amplicon
methods was approximately 5% variant fraction at a mean depth of 200-
1000 reads.

3. Results and discussion
3.1. Performance of the wastewater concentrating and detection methods

A variety of methods have been adopted around the world to con-
centrate and quantify SARS-CoV-2 from wastewater. The reliability, re-
producibility, and sensitivity of these methods needs to be validated to
make better use of wastewater data (Consortium, S.-C.-2 |, et al., 2021).
The performance of the two viral filtration and concentration methods

Science of the Total Environment 801 (2021) 149757

in this study was evaluated by monthly recovery efficiency tests with
three SARS-CoV-2 surrogates. MS2 is a non-enveloped bacteriophage
widely used as a surrogate for viral pathogens (Dawson et al., 2005;
Lin and Marr, 2017). For a better understanding of the efficiency of the
methods on SARS-CoV-2, two other enveloped coronaviruses (BCoV
and 0C43) were used in this study. The Concentrating Pipette (CP)-
based concentration method was more effective than the ViroCap-
based method, especially in recovery efficiency and speed. The time
needed for the CP protocol was ten times shorter than the ViroCap-
based method. The recovery efficiency of MS2 with the CP method
(53.6%) was two times higher than that with the ViroCap-based method
(24.7%). ViroCap was less effective in recovering enveloped
coronaviruses from wastewater (BCoV: 7.2%). The recovery efficiency
of BCoV with the CP-based method varied among the samples tested
(ranged from 16.8% to 53.2%), indicating that the efficiency may be de-
pendent on the characteristics of the wastewater matrix, such as the
solid contends (Ahmed et al., 2020b). To enhance the recovery effi-
ciency and shorten the processing time, we switched to the CP-based
protocol after the first month. One potential concern of this rapid CP
method was that solids are removed prior to virus concentration.
Since a previous study found that enveloped viruses tend to be more as-
sociated with the surface of solids in wastewater than non-enveloped
viruses (Ye et al., 2016), the partitioning of the coronavirus surrogates
in sample fractions was investigated for our methods. In the spiking
test, only <0.2% of the BCoV was recovered from the pellet after centri-
fugation. Compared to the spiked BCoV, SARS-CoV-2 probably had lon-
ger residence time in wastewater, thus, higher percentage of SARS-CoV-
2 (~10%) was found in the pellet portion. Since the majority (~90%) of
SARS-CoV-2 RNA signal was detected in the viral concentrate, the
virus in the solid (pellet) portion of wastewater was not included in
this study.

For accurate quantification of SARS-CoV-2 gene concentration, pres-
ence of PCR inhibition in the samples should be checked. In our study,
no PCR inhibition was detected. It might be due to two reasons: the
Qiagen kit used for RNA extraction includes several inhibitor removal
steps; and ddPCR is more robust in handling inhibition-prone environ-
mental samples than conventional quantitative PCR (Sedlak et al.,
2014).

3.2. SARS-CoV-2 gene concentrations in wastewater

During this 5-month study, three SARS-CoV-2 genes (N1 and N2
gene regions, and E gene) were detected in all 250 wastewater influents,
with concentrations ranging from 1 x 10% to 1 x 10° gene copies/L of
wastewater. The overall observed trend was that the SARS-CoV-2 gene
concentrations stayed relatively stable at the initial stages of the study,
increased rapidly in mid-October, peaked in late-November, and
plateaued in December. This trend agrees with the COVID-19 daily
new confirmed case trend seen in Ohio (CDC, 2020a).

In general, wastewater from Jackson Pike and Southerly, the two
Columbus WWTPs, showed 1-15 times higher viral concentrations
than that from the other utilities in smaller cities (Fig. 2). By the end
of 2020, Columbus had about 15-60 times more confirmed COVID-19
cases than the other 7 cities, while the cumulative case incidence was
at the same magnitude among all the sites (5000-10,000 cases per mil-
lion residents, Table 1). It is important to note that the variation of SARS-
CoV-2 RNA concentration in wastewater among the sewersheds was
not proportional to the variation in confirmed cases nor incidence.
This finding suggests that wastewater is a complex matrix due to the
variation in many factors, such as individual viral shedding amount
and duration, RNA degradation rates, and migration of carriers. A previ-
ous study proposed an estimation of the prevalence of COVID-19 infec-
tion within a catchment from SARS-CoV-2 gene copies in wastewater
(Ahmed et al., 2020a). Their model embedded other parameters of
high uncertainty and variability, including flow rate and per capita pro-
duction of wastewater, as well as viral shedding rate (Ahmed et al.,
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Fig. 2. Longitudinal SARS-CoV-2 concentration trend in wastewater measured by N1, N2 and E genes from 9 wastewater catchments in Ohio in 2020.

2020a). Despite these potential uncertainties, we postulate that WBE is
still a powerful tool in capturing the real-time infection trend in com-
munities.

3.3. Correlations between wastewater SARS-CoV-2 concentrations and
COVID-19 cases

It is notable that the increased concentration of SARS-CoV-2 genes in
wastewater during November and December 2020 coincided with the
post-holiday COVID-19 surge, resulting from increased family gathering
and travel. This result shows the usefulness of WBE in pinpointing epi-
demic hotspots (Hart and Halden, 2020). We hypothesized that the
level of SARS-CoV-2 genes in wastewater correlate with the COVID-19
confirmed cases, so regression analyses were conducted for the nine
sewersheds individually. As absolute case counts implicated the varia-
tion among the sites better than the incidences, absolute case numbers
were employed in all the correlation tests in this study. Significant pos-
itive linear relationships were found between the wastewater SARS-
CoV-2 concentrations and the case numbers reported on the sampling
date for all the sites, except Athens (Pearson's correlation coefficients
ranged from 0.38 to 0.89, Fig. S2h, Athens' data excluded from all corre-
lation coefficients presented). Since both viral concentration and case
data were highly skewed, violating the assumption of normality under-
lying the computation of the Pearson correlation coefficient (Fig. S1),
the non-parametric Spearman rank correlation coefficients were also
computed. The correlation coefficients of COVID-19 case counts and
the three different SARS-CoV-2 gene concentrations were presented in
a heatmap (Fig. 3¢c). The concentrations of all three SARS-CoV-2 genes
were significantly, positively correlated with the daily confirmed cases
for all sites, except Athens (Spearman's r ranged from 0.48 to 0.87, all
p < 0.05), among which the N2 gene region achieved the best perfor-
mance, indicated by its highest average Spearman rank correlation coef-
ficients (Spearman's r = 0.70). The robustness of the N2 primer set in
quantitative PCR is also shown in other studies, reporting that the
primer binding region of the N2 gene region is less prone to mutation
(Rahman et al,, 2021). Therefore, the N2 gene region concentrations
were used for further statistical analysis.

During an emerging epidemic, a time lag of 3-9 days is typically ob-
served from the onset of symptoms to case reporting, depending on the
testing capacity, testing method, care-seeking behavior, and reporting
speed (Nemudryi et al., 2020; Garg et al., 2020; Silverman et al.,
2020). In addition, the duration of viral shedding in human feces may

vary among individuals (He et al., 2020; Xiao et al., 2020). To overcome
these potential uncertainties, the case count obtained was based on the
symptom onset date and the rolling averages of the confirmed new case
data were calculated in replacement of the daily case numbers in this
study. After averaging, the trend of case numbers was smoother and
less noisy than the raw case numbers. This was observed in data from
both big city, such as Southerly catchment of Columbus (Fig. 3a), and
small cities like Marietta (Fig. 3b). Overlaid trend plots revealed good
agreements between wastewater SARS-CoV-2 gene concentrations
and new case numbers (Fig. S2a-S2g). Pearson (Fig. S2i) and Spearman
(Fig. 3d) correlation coefficients both suggest that the averaged case
numbers enhance the extent of relationships between the SARS-CoV-2
gene concentrations and reported COVID-19 cases. The sampling-date
case number had the lowest coefficients among the four case types (av-
eraged Spearman’s r of all 9 sites = 0.70). The 5-day rolling average of
case number showed the highest Spearman rank correlation coefficient
(average Spearman's r = 0.77), followed by 7-day (averaged
Spearman's r = 0.76) and 3-day averages (average Spearman's r =
0.75). As other studies pointed out that SARS-CoV-2 titers in wastewater
may foreshadow the clinical results by 0-4 days, we staggered our WBE
trend by 3 days, but found no improvement in the correlations
(Nemudryi et al., 2020; Peccia et al., 2020; F. Wu A. Xiao ]. Zhang K.
Moniz N. Endo F. Armas R. Bonneau M.A. Brown M. Bushman P.R. Chai
C. Duvallet T.B. Erickson K. Foppe N. Ghaeli X. Gu W.P. Hanage K.H.
Huang W.L. Lee M. Matus K.A. McElroy ]. Nagler S.F. Rhode M. Santillana
J.A. Tucker S. Wuertz S. Zhao J. Thompson E.J. Alm, 2020). It is important
to note that the Ohio positive cases are assigned a date of the estimate
of disease onset, instead of the test date or the test result date. Considering
both sensitivity and precision, the 5-day rolling average of the confirmed
new cases was used for understanding the effectiveness of estimating
COVID-19 prevalence from wastewater viral concentrations.

The only non-correlating community, Athens, is a small college town
with students accounting for 80% population during a university semes-
ter. The confirmed case in Athens showed a different trend compared to
other communities, with peak infection rates in mid-September and
early October when students returned to campus, declined after that
and much lower new case rate in November and December as students
left campus by Thanksgiving holiday. Since most college students stay
asymptomatic, the discrepancy between the wastewater data and new
case data might be explained by an underestimation of the cases in
the community, although more testing and analysis would have to be
performed to confirm this hypothesis.
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Fig. 3. Relationships between SARS-CoV-2 gene concentration in wastewater and new confirmed cases. Overlaid trend plots of SARS-CoV-2 N2 gene concentrations in wastewater and case
number of different averaging methods in: a) Southerly sewershed population; b) Marietta sewershed population; c) Spearman correlations of all sites by different genes; and
d) Spearman correlations of all sites by case number of different averaging methods. Significant correlations (Spearman) were highlighted with two asterisks and one asterisk for p-

value < 0.05 and 0.05 < p-value < 0.1, respectively.

Among the nine sewersheds investigated, the wastewater data from
four cities correlated remarkably well with the 5-day averaged new case
numbers: Circleville WWTP (Spearman's r = 0.88), Newark WWTP
(Spearman's r = 0.86), Marietta WWTP (Spearman's r = 0.85), and
Jackson Pike WWTP (Spearman's r = 0.81). These findings demonstrate
that the wastewater can be used to monitor the dynamic trend of
COVID-19 disease in a community, regardless of the population size
and magnitude of confirmed cases.

3.4. Estimation of COVID-19 cases via wastewater surveillance

Although WBE can provide unbiased samples of the community by
aggregating population health information, wastewater is known to
have relatively high day-to-day variation in sewage flow and fecal
strength (]. Peccia A. Zulli D.E. Brackney, n.d.). To account for the varying
estimated fecal load over time and possible dilution due to rain, two
human-specific fecal viruses, PMMoV and crAssphage, were quantified
from Columbus wastewater to normalize the SARS-CoV-2

concentrations. These two viruses have been used as an internal refer-
ence for method validation due to their high persistence in water com-
pared to other bacterial fecal indicators (Greaves et al., 2020).
Wastewater from the two Columbus sewersheds are a combined
sewer (Table 1), which is more prone to dilution by stormwater events.
For each sample analyzed, SARS-CoV-2 RNA concentrations were nor-
malized with the concentrations of PMMoV (mean RNA concentration
across the samples: ~1 x 10° gene copies/L of wastewater) and
crAssphage (mean DNA concentration across the samples: ~1 x 10®
gene copies/L of wastewater). Both normalization approaches improved
the agreement of the viral concentration and the case counts visually,
especially before the change of method (first month) (Fig. 4a). Accord-
ing to the Spearman rank correlation, the correlation between the viral
titers and 5-day averaged case numbers was only marginally improved
by the PMMoV-based normalization but not significant, whereas
crAssphage-based normalization led to much weaker correlation.

Our data showed that normalization did not significantly improve
wastewater signal correlation with cases during the study period.
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Fig. 4. The effect of normalization with human fecal virus indicators on the relationships between SARS-CoV-2 N2 gene concentration in wastewater and 5-day-rolling averages of new
confirmed cases. a) Overlaid trend plots of Southerly sewershed population; b) Linear regression model; and c¢) Quadratic polynomial model.

Although our sites represent a mixture of facilities with separate and
combined sewers, during the sampling period we only observed one
to three instances per facility where the flows were significantly in-
creased (doubled) compared to the lowest flow recorded during sam-
pling. This primarily occurred in December due to snowmelt (peak of
new cases per day), or in August during rain events (new cases close
to zero). We ponder that these low frequency precipitation events did
not affect the sewer system much, thus normalization of SARS-CoV-2
gene concentrations with human fecal strength did not improve the
correlations. In this regard, assumptions can be made that longitudinal
wastewater data is robust to the variations in sewage flow and fecal
strength when extreme precipitation events are infrequent. Our results
agreed with the findings from other studies, which concluded that the
PMMoV-normalized SARS-CoV-2 signal had lower background noise
and showed the strongest correlation with active cases (F. Wu A. Xiao
J. Zhang K. Moniz N. Endo F. Armas R. Bonneau M.A. Brown M.
Bushman P.R. Chai C. Duvallet T.B. Erickson K. Foppe N. Ghaeli X. Gu
W.P. Hanage K.H. Huang W.L. Lee M. Matus K.A. McElroy ]. Nagler S.F.
Rhode M. Santillana J.A. Tucker S. Wuertz S. Zhao J. Thompson E.J. Alm,
2020; D'Aoust et al., 2021). For future studies where normalization is

required, combined markers of viral indicators, solid contents, and
other volumetric parameters are recommended (Neault et al,, 2020).
While clinical test results tend to be highly delayed and
underestimated, wastewater enables the temporal mapping of the out-
break in a more timely and accurate manner (Garg et al., 2020). As more
and more efforts are put into wastewater surveillance, population
health data from wastewater is accumulating worldwide. To make bet-
ter use of these wastewater information, we tested different models to
help estimate COVID-19 prevalence from wastewater viral loads. First,
a linear model was built (R? based on raw N2 gene region concentration
in Southerly wastewater and 5-day averaged case number = 0.84). Sur-
prisingly, neither normalization approaches enhanced the model
(Fig. 4b). As mentioned prior, the linear model is not ideal for our
dataset and data transformation hardly improved the normality. For a
better estimation, polynomial models were built and evaluated. Both
quadratic and cubic polynomial models achieved higher R? than the cor-
responding linear model. Using the Southerly data as an example, R? of
0.88 and 0.89, respectively were achieved (Fig. 4c). The polynomial
models also showed better adherence to normality. However, regres-
sion analysis indicated that the cubic polynomial model is not
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significantly superior to the quadratic model (p < 0.05). Based on these
results, it can be concluded that the quadratic model gave the best de-
scription of the relationship of new COVID-19 cases and viral titers in
wastewater, while minimizing overfitting and the violation of normal-
ity. Similar to the case in the linear model, normalization did not im-
prove the quadratic model (Fig. 4c).

These results demonstrate that dynamic trend of COVID-19 within a
community can be well estimated from longitudinal SARS-CoV-2 gene
concentrations in wastewater. Polynomial models were built and opti-
mized for the wastewater data from eight of the nine sewersheds. It
has been reported that the viral titer in wastewater is more associated
with the demographic variables, the household income and medical
spend for example, than with population size (F. Wu A. Xiao ]. Zhang
K. Moniz N. Endo F. Armas R. Bonneau M.A. Brown M. Bushman P.R.
Chai C. Duvallet T.B. Erickson K. Foppe N. Ghaeli X. Gu W.P. Hanage
K.H. Huang W.L. Lee M. Matus K.A. McElroy ]. Nagler S.F. Rhode M.
Santillana J.A. Tucker S. Wuertz S. Zhao ]. Thompson E.J. Alm, 2020).
This may help explain the failure of estimating the disease prevalence
with WBE data from Athens. For low-income areas with limited testing
capability, it is recommended to take more demographic variables into
account when using the WBE as a surveillance tool for the pandemic.
Furthermore, recent studies and our preliminary data generated at the
early stage of the pandemic (March to May; data now shown) suggested
that WBE can be applied to communities of low prevalence (Randazzo
et al,, 2020). As new confirmed cases have been decreasing worldwide
due to the implementation of vaccinations, more sensitive and robust
methods will perform better in determining SARS-CoV-2 genetic signals
in wastewater in the areas with lower COVID-19 prevalence than be-
fore.

3.5. SARS-CoV-2 variant identification in wastewater

Sequencing of the entire SARS-CoV-2 genome was performed on a
subset of wastewater samples. Sequencing results differed among the
8 sites where wastewater samples were obtained over a 3-day period
in early January 2021 (Table 2). The Spike (S) D614G variant has domi-
nated the global pandemic since March 2020, showing increased infec-
tivity and viral shedding (Korber et al., 2020), and all wastewater
samples showed nearly 100% D614G. However, there were variations
in the levels of some other single nucleotide variants associated with
common US-based clades from this time period including 20C/G (bear-
ing ORF3A Q57H), 20B (N R203K), and 20A (N S194L), with a predom-
inance of clade 20C variants in most samples. Detected SARS-CoV-2
variants in wastewater agreed well with the sequencing surveillance
performed on SARS-CoV-2-positive nasal swabs (Table 2). For example,
during January 2021, S N501Y-bearing 20G virus (Tu et al., 2021) and
the B.1.1.429 strain also bearing N501Y (CDC, 2020b) were first de-
tected in a few Columbus Ohio patients and seen at 8% variant fraction

Table 2
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in the Columbus Jackson Pike sewershed samples (Table 2). In addition,
there were low levels of other variants associated with strains that were
first detected in patients from Central and Southern Ohio during late
2020/early 2021, including S L452R (associated with the B.1.427/429
strains), found at 10% variant fraction in Zanesville and 7% in Marietta
wastewater samples. This was important information since multiple
studies during this period reported increased infectivity and transmissi-
bility as well as decreased antibody neutralization for viruses carrying S
L452R and/or S N501Y mutations compared to the D614G alone (Deng
et al., 2021; Xie et al., 2021). It is notable that wastewater samples
from different sewersheds (Jackson Pike and Southerly) in the same
city (Columbus) showed distinct variant patterns which could have
reflected local differences during this period of high strain diversity in
patients. The limited data in this study thus provides support for the fea-
sibility of identifying low-levels of strain-defining variants indicative of
emerging circulating SARS-CoV-2 strains in various communities from
wastewater.

3.6. Significance of this work

This study demonstrates the effectiveness of wastewater surveil-
lance in COVID-19 trend tracking in various communities. SARS-CoV-2
gene concentrations in wastewater strongly correlated with the
COVID-19 cases. This is the first study proposing the use of a quadratic
polynomial model to track COVID-19 cases from wastewater surveil-
lance data, which can benefit the communities with limited human test-
ing capability. In the later stage of the pandemic, WBE can help evaluate
the effectiveness of vaccination and prioritize the distribution of human
testing resources. Moreover, as sequencing results from wastewater
samples in early 2021 at a time of new strain emergence shows an
agreement with the sequencing results from clinical nasal swab sam-
ples, we suggest that the wastewater matrix is an ideal sample for fast
tracking variant emergence and transmission within a community.
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Differential detection of SARS-CoV-2 strain-defining mutations by genomic sequencing in wastewater across Ohio over a 3-day period in early January 2021.

Amino acid Nucleotide Strain/lineage with ~ Detection frequency Variant fraction

change change mutation in NP swabs Marysville Jackson Pike Southerly Athens Marietta Zanesville Circleville Lancaster
S: D614G* c.1841A > G B.1,clades AB,C 100% 0.97 0.97 0.98 0.95 0.95 0.96 0.98 0.97
ORF3A: Q57H" 171G > T B.1, 20C/G clade 95% 0.88 0.73 0.80 043 091 0.89 0.77 0.80
N: R203K c.608G > A B.1, 20B clade 3% nd nd nd 0.19 nd nd nd nd
N: S194L c581C>T B.1, 20A clade 2% nd nd nd 0.24 nd nd 0.14 0.07
S: N501Y c1501A > T B.1.2/501Y 4% nd 0.08 nd nd nd nd nd nd
S: S477N c.1430G > A B.1.1.298 & B.1.404 <1% nd nd 0.16 nd nd nd 0.08 nd
S: L452R c1355T > G B.1.1427 &B.1.1429 1% nd nd 0.06 nd 0.07 0.10 nd nd
S: P681H c.2042C > A B.1.1.222&B.1.1.7 3% nd nd 0.09 nd nd nd 0.18 nd
N: Q9H c27G>T B.1, 20C subset 4% nd 0.14 nd 0.14 0.08 0.07 nd nd

¢ Variant fraction was well-correlated with other B.1 markers including the 5'UTR C241T, nsp3 p.F106F (c.318C > T) and nsp12 p.P323L (c.968C > T).

b Variant fraction was well-correlated with clade 20C/G marker nsp2 p.T85I (c.254C > T).

€ SARS-CoV-2-positive nasal or nasopharyngeal (NP) swabs collected in January 2021.
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